The starting composition of 0.75BaO-0.25SrO-AI203-2SiO 2 (BSAS) was used for the synthesis of monoclinic celsian in the present study.
NASA/TM--2000-210216
Processing andproperties ofcelsian glass-ceramic matrix composites reinforced withlarge diameter CVDSiC SCS-6 monofilaments (refs. 3to6)and themultifilament small diameter Nicalon (ref. Corp., high purity CR 30), and SiO 2 (Cerac Inc., 99.9 percent purity, -325 mesh) powders. Appropriate quantities of various powders were slurry n'fixed in acetone and ball milled for~24 hr using alumina milling media.
Acetone was then evaporated and a part of the mixture was subjected to thermogravimetric analysis (TGA) in air. The oxide mixed powder was calcined at -900 to 920°C for decomposition of the carbonates into oxides, followed by cooling to room temperature and grinding. A small part of the calcined powder was loaded into a graphite die and hot pressed at 1300°C for 2 to 3 hr under 27.5 MPa (4 ksi) pressure.
Polymer derived Hi-Nicalon fiber tows (1800 denier, 500 filaments/tow) with low oxygen content produced by Nippon Carbon Co. were used as the reinforcement. These fibers have an average diameter of~14 mm; a reported A sketch of the set-up used for infiltration of the matrix slurry into the fiber tows is shown in figure 1 . This is similar to the set-up reported earlier by Prewo (ref. 16) . BSAS powder that had been calcined at 900 to 920°C for 20 to 24 hr was made into a slurry by dispersing it in methyl ethyl ketone along with organic additives as binder, surfactant, deflocculant and plasticizer followed by ball milling. Tows ofBN/SiC-coated Hi-Nicalon fibers were spread using rollers and coated with the matrix precursor by passing through the slurry. Excess slurry was squeezed out of the fiber tow before winding at 0.977 mm tow spacing (26 fiber tows/in.) on a rotating drum. After drying, the prepreg tape was cut to size. Unidirectional fiber-reinforced composites were prepared by tape lay up ( 12 plies) followed by warm pressing at -150°C to form a "green" composite. The fugitive organics were slowly burned out of the sample in air at~500°C, followed by hot pressing under vacuum in a graphite die. M4e hot pressed fiber-reinforced composite panel was surface polished and sliced into test bars (~50.4x6.4x1.9 mm) for mechanical testing.
Thermogravimetric analysis (TGA) of the calcination process was carried out at a heating rate of 5°C/min under flowing air (-60 mI/min) from room temperature to 1500°C using a Perkin-Elmer TGA-7 system which was interfaced with a computerized data acquisition and analysis System. X-ray diffraction (XRD) patterns were recorded at room temperature using a step scan procedure (0.02°/20 step, time per step 0.5 or 1 sec) on a Philips ADP-3600 automated diffractometer equipped with a crystal monochromator employing Cu Kc_ radiation. Density was measured from dimensions and mass as well as by the Archimedes method. Microstructures of the polished cross-sections and fracture surfaces were observed in an optical microscope as well as in a JEOL JSM-840A scanning electron microscope (SEM).
For transmission electron microscopy (TEM), thin foils of the composite samples were prepared by slicing, polishing, dimple grinding, and argon ion beam milling. A thin carbon coating was evaporated onto the TEM thin foils and the SEM specimens for electrical conductivity prior to analysis. The thin foils were examined in a Philips EM400T operating at 120keV. X-ray elemental analyses on the TEM were acquired using a Kevex thin window energy dispersive spectrometer (L) of 40 mm. Strain gauges were glued to the tensile surfaces of the flexure test bars. Stress was calculated using beam theory. The yield stress was calculated from the stress-strain curves from the point where the curve deviates from linearity. Elastic modulus of the composite was determined from the linear portion of the stress-strain curve up to the yield point using linear interpolation.
RESULTS

AND DISCUSSION
The TGA curve of the mixed BSAS powder consisting of metal carbonates and oxides is shown in figure 2 . Minor weight loss near room temperature is due to evaporation of the residual moisture and acetone. A major event showing a large weight loss, due to the decomposition of barium and strontium carbonates into oxides, is observed between~750 to 1000°C. A calcination temperature of 900 to 920°C was chosen for decomposition of the carbonates. The mixed powder was calcined at this temperature for 20 to 24 hr in air. TGA analysis of this calcined powder showed no further weight loss indicating complete decomposition of the metal carbonates during the calcination step.
The XRD pattern of the mixed powder, calcined at -915°C for 20 hr in air, is presented in figure 3 . SiO 2 (m-quartz) and BaAI204 were the major phases present. Small amounts of Ba2SiO 4, _-AI203, and Ba2Sr2AI207 were also identified. Figure 4 shows the XRD pattern taken from the surface of a monolithic sample made by hot pressing the precalcined powder at 1300°C for 2 hr under 27.5 MPa (4 ksi). All the XRD peaks correspond to the monoclinic celsian phase with complete absence of the undesirable hexacelsian phase. from the polished surface of the hot pressed composite was similar to that shown in figure 3 . Monoclinic cetsian was the only crystalline phase present and the undesired hexacelsian phase was not detected from XRD. This implies that the desired, thermodynamically stable, monoclinic celsian phase is formed in situ, from the mixed oxicles precursor, during hot pressing of the composite. Doping with SrO facilitates (refs. 9 and 10) the formation of monoclinic ceisian in the matrix. In a recent study (ref. 17 ), a minor amount of hexacelsian phase has been detected in the matrix using Raman microspectroscopy.
SEM micrographs
taken from the polished cross-section of the unidirectional hot pressed composite are shown in figure 7. Uniform fiber distribution and good matrix infiltration within the fiber tows is evident. Some of the filaments are of irregular shape rather than having circular cross-section. The manufacturer reports an average fiber diameter of 14 p.m, but a large variation in the diameter of the filaments within a fiber tow can be seen. The BN/SiC surface coating has been detached from some of the fibers during metallography or composite processing. Debonding or loss of the fiber coating may lead to adverse reactions between the fibers and the oxide matrix at high temperature resulting in strong fibermatrix bonding.
TEM micrographs showing the fiber/matrix interface region of the Hi-Nicalon/BN/SiC/BSAS composite are presented in figure 8 . The BN coating consists of four distinct layers as seen in figure 8(a) . From EDS analysis, the fiber/ BN interface was found to be rich in C along with the presence of Si and O. The SiC overcoating was often found to be missing from the BN/matrix interface, but was intact in this particular case. A crack running along the fiber/BN interface may also be seen. The BN coating, when viewed via the TEM, did reveal an internal reaction. Some areas show no evidence of coarsening ( fig. 8(a) ) while otheisshow varying amounts of reaction. 
Yield strain, produced by impregnation of the matrix slurry into the fiber tows, winding the tows on a drum, cutting and stacking of the prepreg tapes, and hot pressing.
Strong, tough, and almost fully dense unidirectional composites having -42 vol % of fibers were obtained. These composites exhibited graceful failure with extensive fiber pull out in a threepoint flexure test. The yield stress of~400 to 470 MPa and ultimate strength as high as 960 MPa have been observed. The yield strain was -0.26 to 0.28 percent. The Young's modulus of the composite was measured to be~165 GPa.
CONCLUSIONS
It may be concluded that reinforcement of the monoclinic celsian with BN/SiC-coated Hi-Nicalon fiber results in strong, tough, and almost fully dense composites.
